The primary structure of cutinase, an extracellular fungal enzyme involved in the penetration of plants by pathogenic fungi, has been determined from the nucleotide sequence of cloned cDNA. Clones containing cDNA made from poly(A)+ RNA isolated from fungal cultures induced to synthesize cutinase were screened for their ability to hybridize with the [32P]cDNA for mRNA unique to the induced culture. The 75 cDNA clones thus identified were screened for the cutinase genetic code by hybrid-selected translation and examination of products with anti-cutinase IgG. This method yielded 15 clones containing cDNA for cutinase, and Southern blots showed that the size of the cDNA inserts ranged from 279 to 950 nucleotides. Blot analysis showed that cutinase mRNA contained 1050 nucleotides, indicating that the clone containing 950 nucleotides represented nearly the entire mRNA. This near-full-length cDNA and the restriction fragments subcloned from it were sequenced by a combination of the Maxam-Gilbert and the phage M13-dideoxy techniques. cDNAs from two other clones, containing the bulk of the coding region for cutinase, were also completely sequenced, and the results confirmed the sequence obtained with the first clone. A peptide isolated from a trypsin digest of cutinase was sequenced and the amino acid sequence as well as the initiation and termination codons were used to identify the coding region of the cDNA. The primary structure of the enzyme so far determined by amino acid sequencing (=40% of the total) agreed completely with the nucleotide sequencing results. Thus, the complete primary structure of the mature enzyme and that of the signal peptide region were ascertained.
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Cutinase, a glycoprotein excreted by phytopathogenic fungi, catalyzes the hydrolysis of cutin, the structural polyester of the plant cuticle (1, 2) . Cutinase was shown to be present at the site of fungal penetration of the host plant cuticle and specific inhibition of cutinase was shown to protect plants against fungal penetration and consequently infection (1, 2) . The active site of cutinase is composed of a catalytic triad involving serine, histidine, and a carboxyl group (3) . The enzyme contains one disulfide bridge, which is essential for the activity of the enzyme (2) . Recently the amino acid sequence of the active-serine-containing tryptic peptide of cutinase was determined (4) . An understanding of the structure and mechanism of action of cutinase could help in the development of effective inhibitors for use as antipenetrants to protect plants against fungal attack.
Recent evidence suggested that the infecting capacity of certain pathogenic fungi can be determined by the ability of the pathogen to produce cutinase (5, 6) . Thus the regulation of expression of cutinase gene could be highly relevant to pathogenesis. To investigate these molecular aspects of host-pathogen interaction, labeled cDNA probes for cutinase would be highly beneficial. In this paper we report the cloning of cutinase cDNA and the complete nucleotide sequence of the coding region. The amino acid sequence predicted from the nucleotide sequence was verified by amino acid sequence determination of a significant portion of the enzyme.
MATERIALS AND METHODS
Construction of a Fusarium solani pisi cDNA Library.
Poly(A)+ RNA from Fusarium solani f. .sp. pisi, T8 strain, was isolated as described (7) . Single- (8) and double- (9) stranded cDNA was synthesized and the hairpin loops were cleaved with nuclease S1 and the termini were repaired to blunt ends with the large fragment of DNA polymerase I. A size fraction of duplex DNA >500 base pairs (bp) in length was obtained by preparative electrophoresisfin a 1% agarose gel. Homopolymer tracts of dC were added to the 3' ends of this cDNA with calf-thymus terminal transferase (10) . The oligo(dC)-tailed cDNA and oligo(dG)-tailed pBR322 plasmid were annealed (11) , and this modified plasmid was used to transform Escherichia coli K-12 RR1. Colonies that contained pBR322 plasmid with cDNA inserts were selected by their tetracycline resistance and ampicillin sensitivity. The enzymes and plasmids used in this cloning procedure were purchased from New England Nuclear.
Isolation of Plasmid DNA. Plasmid DNA, extracted from selected clones by using either a Triton X-100 (12) or an alkaline lysis procedure (13) , was purified by CsCl/ethidium bromide density gradient centrifugation.
Translation of Hybrid-Selected mRNA. From the total poly(A)+ RNA isolated from induced fungal cultures, specific mRNA was purified by hybridization to cloned DNA that had been denatured and immobilized on nitrocellulose filters (14) . The translation products of the hybridized mRNA generated in a wheat germ translation system (15) (16, 17) . Two cDNA probes were generated from poly(A)+ RNA isolated from induced and noninduced fungal cultures with reverse transcriptase and [a-32P]dATP (17) . Hybridization probes were also made from cDNA inserts isolated from cutinase clones that responded positively to the hybrid-selected translation tests indicated above. Plasmid isolated from a cutinase cDNA clone was treated with Pst I restriction endonuclease and the digest was subjected to electrophoresis in 1% low-melting agarose. The agarose containing the DNA insert was cut from the gel and melted in 2 vol of 0.01 M Tris HCl, pH 7.5, containing 0.001 M EDTA at 650C, and the agarose was removed from the solution by phenol extraction. After the addition of NaCl to 0.2 M and 2 vol of ethanol, the DNA was precipitated by cooling the solution to -70°C for 15 min. A 32P-labeled probe with a specific activity in excess of 108
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dpm/4g was prepared by subjecting 1 tug of the DNA insert to a nick-translation reaction with 60 tkCi (1 Ci = 37 GBq) of [a-32P]dATP (800 Ci/mmol, New England Nuclear) as described (18) . Blot Hybridization Analysis of Inserted DNA and of Fungal RNA. Plasmid was isolated from cutinase cDNA clones by a rapid miniscreen procedure described for determination of the size of the inserted DNA (13) . Restriction enzyme digests of the plasmid preparations were subjected to electrophoresis through 1% agarose gels, transferred to nitrocellulose filters by the method of Southern (19) , and hybridized with a 32P-labeled probe (17) . The hybridized filter was subjected to autoradiography and the sizes of the labeled DNA inserts were determined by their mobilities as compared to those of DNA standards.
The size of cutinase mRNA was determined by subjecting (26) , using an M13 pentadecamer primer (New England Biolabs) and reverse transcriptase (27) .
Determination of Molecular Weight and Carbohydrate Content of the Enzyme. Molecular weights of the mature enzyme and primary translation product were determined as described (7). Carbohydrate content was measured as before (2) .
Amino Acid Sequence Determination of Peptides. A tryptic digest of cutinase was subjected to gel filtration on Sephadex G-50 ag previously described (4). The fraction with high absorbance at 280 nm was further purified by preparative HPLC on a 300-A pore, C18 reverse-phase column (250 x 10 mm,;Synchropack RP-P; SynChrom, Linden, IN) with a 20-65% (vol/vol) linear gradient of acetonitrile in water containing 0.1% trifluoroacetic acid at a 1.0 ml/min flow. The fraction corresponding to the single peptide peak of high absorbance at 220 nm was collected, and aliquots were subjected to NH2-terminal analysis (28, 29) 'and amino acid analysis. Sequence analysis of the peptide was performed by an automated Edman degradation sequencing system as described (4) . RESULTS Screening of F. solani pisi cDNA Library for Possible Cutinase Sequences. Glucose-grown F. solani pisi can be induced to produce, cutinase by the addition of low quantities of chemically prepared cutin hydrolysate. Under such conditions cutinase is the major (>70%) extracellular protein (30) . Therefore, the poly(A)+ RNA from such induced cultures, already enriched in cutinase-specific mRNA, could be readily used to generate cutinase cDNA by reverse transcribing the total poly(A)+ RNA. This inducibility was also useful in the initial selection of possible cutinase cDNA clones in the total cDNA library. Replica nitrocellulose filters containing lysed colonies of the fungal cDNA library were hybridized with labeled cDNA probes transcribed from poly(A)+ RNA isolated from either cultures induced to produce cutinase or control cultures. From 600 colonies selected as containing recombinant DNA, 75 colonies showed hybridization with the probe generated only from induced cultures. Screening for clones containing cutinase DNA sequences in these 75 colonies was done by hybrid-selected translation. The colonies were pooled into nine groups, and the plasmid DNA isolated from five of these groups hybridized with fungal mRNA that upon cell-free translation generated protein that cross-reacted with anti-cutinase IgG. Electrophoresis of the immunoprecipitated translation product in a NaDodSO4/ polyacrylamide gel revealed a single band with a molecular weight of mRNA in a blot of electrophoretically separated poly(A)+ RNA isolated from induced fungal cultures. From a rectilinear semilogarithmic plot of the mobility of standards vs. their molecular size, the cutinase mRNA was determined to be 1050 nucleotides in length (Fig. 3) . Thus, the largest cutinase cDNA clone (C-31), which contains 950 bp, represents nearly the full length of the mRNA, and thus it was selected for the first DNA sequence analysis. For confirmation of the cutinase cDNA sequence, clones C-4 and C-57, which contain 730 and 770 bp, respectively, were used. Nucleotide Sequence of cDNA and Amino Acid Sequence of Cutinase. The cutinase recombinant cDNA was removed from pBR322 plasmid by Pst I restriction endonuclease and subcloned in the Pst I site of the more convenient pUC9 vector. This vector provided a BamHI site just ahead of the 5' and these sites could be individually end-labeled for sequence analysis by the method of Maxam and Gilbert (24) . The sequences of the first 250 nucleotides at the 5' end and about 200 nucleotides at the 3' end were determined.
A strategy for sequencing the remainder of the cutinase cDNA insert was devised after detailed restriction endonuclease mapping of the insert with a battery of enzymes (Fig.  4) . Alu I, Ava I, Hae III, Hpa II, Hinfl, Sau3A, and Taq I cleaved the isolated insert, whereas BamHI, Bgl II, EcoRI, HinclI, HindIll, Kpn I, Sal I, and Xba I did not. Treatment of the insert with Taq I and Hpa II produced three fragments each, which could be completely sequenced, and Sau3A provided fragments for the necessary confirmatory overlapping sequences. Taq I, Hpa II, and Sau3A cutinase cDNA fragments were subcloned in M13 mplO or M13 mpll bacteriophage-producing vectors, and the extruded single-stranded DNAs of the selected subclones were sequenced by the method of Sanger et al. (26) . By overlapping sequences from the subclones and from the end-labeling sequence analysis, the complete nucleotide sequence of the cutinase cDNA insert was constructed (Fig. 5 ).
An initiation codon and a termination codon were found 702 nucleotides apart in the sequence. This reading frame translated into a protein with a'molecular weight of 23 (4) . This sequence of 30 amino acid residues matched exactly with another region of the amino acid sequence predicted from nucleotide sequencing, and this region was located toward the middle of the polypeptides. A cysteine-containing peptide was recently isolated and the sequence of 10 residues around this cysteine (residue 187) was determined (unpublished results). This sequence matched with the predicted amino acid sequence of a region near the COOH terminus. These three segments are indicated in Fig. 5 . Excluding the NH2-terminal 31 residues that presumably form the "signal" region, which is cleaved off during post-translational processing, the enzyme should contain 199 amino acid residues. Within this region almost 40% of the amino acid sequence predicted from the nucleotide sequence was already verified by direct determination of the amino acid sequence of the protein. Thus, there is little doubt that the cloned cDNA represents the authentic cutinase gene. These cDNA clones for cutinase should be very useful as probes to study the regulation of cutinase synthesis.
Comparison of the primary structure of cutinase with that of other hydrolytic enzymes containing the classical active serine catalytic triad revealed no significant homology. As observed for most active serine enzymes, the serine residue in cutinase is also a considerable distance away from the histidine (residue 204) of the triad (35) . The disulfide bridges play an important role in maintaining the catalytically active structure of other active serine enzymes and in the present enzyme the only disulfide bridge contained in it is also essential for catalytic activity.
One discrepancy between the nucleotide sequence of the cutinase cDNA and the chemical information concerning the mature enzyme involves the number of potential SH groups. The native mature enzyme contains no free SH groups and upon reduction with dithioerythritol two SH groups are found (2) . Nucleotide sequence shows two additional cysteine codons (residues 47 and 194). The occurrence of these codons was confirmed in three clones; the presence of a single disulfide bridge and absence of any SH groups in the mature enzyme were confirmed by reaction with 5,5'-dithiobis-(2-nitrobenzoic acid) and by labeling with radioactive iodoacetamide. Therefore, it appears possible that two cysteine residues were post-translationally modified. However, further work is required to clarify this aspect of the structure of cutinase.
